NSF funded a three year project (#9817743) from 1999 to 2003 (one year no cost extension) to develop a way, using remote sensing, to create an accurate sampling framework to study large urban centers in the developing world. The project used satellite imagery from the early 1980s through 1999 to create a classification system for urban habitation in six cities (MarrakechMorocco, Dakar -Senegal, Bamako -Mali, Niamey -Niger, Dodoma -Tanzania, and GaboroneBotswana). The use of multiple images makes it possible to create urban classes such as squatter settlement present in 1982, low income housing present in 1992 but not in 1982, or villas appearing after 1992. Multiple urban classes based on date of appearance and quality of housing plus the ability, using the latest image, to sample from all residential areas and to know how much housing fits into each class makes it possible to design a sampling framework to study an important number of urban issues. The original project was primarily a methodological project designed to see if using this technology we would indeed find strong correlations between quality and date of appearance of housing and a variety of socio-economic variables and environmental concerns.
and large (even 44 member) households. This was brought home when Park, in a series of conference papers (Park 2002 , Park and Mjahed 2003 compared Marrakech, Bamako and Niamey and found that the three divisions of Niamey (Communes 1-3) exhibited radically different household sizes with one commune ressembling the norm for Marrakech (nuclear households) another resembling Bamako (tendency to large household sizes, and the remaining Commune (3) clearly being in an intermediary position. Park, Mjahed and Cisneros 2002. This range of applicability of a model is illustrated in the Table 1 where it is clear that a significant portion of household size can be explained by the age of the head of household and their years in residence in Bamako, generally, and to varying degrees in the various Communes of Niamey. The table is parsimonious and only shows variables that were significant. While a different model has relevance in Marrakech the relevance of the two variables, age of household head and years in residence, varies dramatically within Niamey. Park and Mjahed (2003) developed the data further and then Park, Mjahed and Cisneros developed the relatively simple agent based model using three key variables (education, generosity, and ambition -with mathematical functions determining both costs and returns to different levels of each variable) and two options for inheritance / emulation for each household (households were grouped into kin groups and could strive to emulate the better performing kin members and were also grouped into one of five spatially defined neighborhoods and could try to emulate the better performers in their neighborhood). While the model is simple we were pleased that it did not devolve into a single strategy and instead maintained a significant level of complexity after hundreds of thousands of iterations. In order to estimate complexity we calculated entropy levels at the beginning of a run (with randomized start values) and at the end simply assuming five levels for each of three variables (giving a variable space of 5^3) and using the formula: The series of long runs (Figure 1 ) illustrate the movement of the system toward relatively stable levels of complexity. Park in conjunction with Steve Lansing (PI) and two other co-PIs (Lisa Curren and Mary Stiner) received NSF funding to put on a conference (BCS-0215898 -BE/ CNH: Conference on Robustness of Coupled Natural and Human System, 28 May 2003) at the Santa Fe Institute. While most of the other presentations focused on natural ecosystems Park, Mjahed and Cisneros (Forthcoming) presented their urban model at the conference and a revised paper is in preparation for publication. We hope to further develop the idea that ecological models based on information theory such as that of Ulanowicz (1997) hold promise to unite social and natural complex systems within one framework and that such an approach could provide an entirely new way to study the viability of large cities.
This special issue of the Journal of Political Ecology includes revised essays originally presented at an NSF funded Conference in Dakar by (Park and Baro, Lupalo, Lesetedi, Ijagbemi , and Sardier as well as a link to the revised paper of Christopherson and Mjahed), a brief methodological paper by Marsh et al, and a book review by Park which looks in depth at the state of the art in urbanization studies via an examination of the key themes of nine major works of cities and city planning. Many other presentations were made at the conference but most were power points focusing on graphical display of data or broad policy discussions of the application of the methodology. We have focused in the special issue on papers which either directly explain the methodology or provide examples of how it can be complemented by other methodologies for particular purposes.
Literature Review: Contextualization of the research
The earth is rapidly urbanizing and the developing world has led the way since the 1970s yet its rapidly growing new cities have been more characterized by a massive growth in slums than by a significant development of urban infrastructure: SSA in fact appears to have a larger percent of its urban population in slums (71.9% vs. 31.6% worldwide) than any other region (Davis 2004 , United Nations Habitat 2003 . In all, 166 million of the 231 million urban dwellers in SSA live in what the UN designates a slum. This trend toward urbanization without growth (since the debt crisis of the 1970s and subsequent restructuring policies economies in most African countries were contracting by 2 to 5 percent per year) has been termed perverse urbanization as it seems to contradict accepted economic models (Davis 2004:9) .
Dual economy models (Lewis 1954, Fei and Ranis 1964) were based on the idea of urban industrialization attracting rural people to cities and modeled the resulting employment impacts in each sector while more recent models (Feldman 1989) have suggested that a key short term concern is the trade-off between GNP and unemployment. Todaro's popular and sophisticated model of rural-urban migration explained the phenomenon as reflecting a comparison of expectations of urban employment with the expectation of employment in the rural area where expectation is a result of multiplying the chance of employment by the expected income (Todaro 1969 , Fields 1975 , Harris and Todaro 1970 , Lipton 1977 , Lukas 1985 , Stiglitz 1976 . This model was able to explain the presence of large numbers of unemployed or underemployed in the urban area on the assumption that urban incomes when found were several multiples of rural incomes and thus even a 50% chance of employment could work out to a higher expectation for urban income. The model fundamentally proposed that "expectations" would adjust and replace pressures to equalize incomes in the rural and urban sectors and so function to stabilize rates of rural-urban migration. Recent extensions of the dual economy model focus on modern and traditional sectors within the rural and urban areas building along similar lines a dual-dual economy model (Stifel and Thorbecke 2003, Thorbecke 1997) .
While the focus of much of the migration literature relying on the Harris-Todaro model is on suggesting possible policies to stimulate economic growth without exacerbating urban problems, some scholars (Bencivenga and Smith 1997) have argued that rural-urban migration and urban underemployment can create development traps including severe recessions that may be extremely difficult to escape. Benciveng and Smith suggest that a key focus should be on how policies such as agricultural subsidies or provision of urban services impact migration, urban under employment and capital formation and why these impacts are so strong in the developing world -they conjecture that the rural areas of the developed world are no longer labor intensive while the developing world still has key aspects of a dual economy.
While it is clear that SSA is rapidly urbanizing, it is not at all clear that science yet has a good handle on why developing countries are urbanizing in the way they are or at the rate they are. This can be seen fairly easily by examining the growth of cities with populations over one million.
In Figure 2 , we have added a geometric curve (dashed line) to the U.N. data to demonstrate how closely the growth of cities in developing countries with over a million inhabitants has followed a geometric growth path since the 1950s. This suggests that causality having comparable impacts, in terms of its effects on net urban population growth in the developing world, has been fairly continuous for more than half a century. We might tentatively conjecture that the post Bretton Woods world economy has been fairly consistent from decade to decade not in the details of its arrangements but in its overall stimulative impacts on urban growth in the developing world while it has not had the same impacts on urban growth in the developed countries. It may be reasonable to assume that the Harris and Todaro model contributes to explaining this differential growth, but it clearly provides no deep explanation of the rate nor of the continuity of this growth. 1950 1960 1970 1980 1990 
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There have been major policy changes such as structural adjustment programs beginning in 1980 (Senegal) and 1983 (Tanzania), that may have significantly changed the situation migrants confront both in rural areas and in major urban cities throughout SSA. Yet studies of infant mortality (Lalou and LeGrand 1997) have long noted that it tends to be higher in rural areas than in urban ones and while scholars differ on their preferred explanations the education level of the mother seems at least to be a proxy for the causes. Studies of data from 1986 and 1981-5 from Senegal suggests that infant mortality rates continued to be higher in the rural areas relative to the urban ones (Brockerhoff 1990, Lalou and LeGrand 1997) . While only comparative studies pre and post SAP could show whether SAPs have aggravated the situation it is probable that this is part of the post Bretton Woods causality that may help to explain the high levels of rural-urban migration. Some of the most interesting research questions, however, focus on the heterogeneity of risk exposure that different segments of the rural and urban population confront both across time and location. This, unfortunately, is not adequately captured in a few simple statistics.
The core of the dominant economic models focus tightly on easily quantifiable variables such as differentials in expected incomes and their implications, yet it has long been clear that empowerment issues are relevant as well (Sen 1981 (Sen , 2000 and that the hazards of living in the urban environment need to be compared with the potential benefits of income in these areas (e.g. polluted water or insecure tenure with their associated costs versus greater variety of opportunities for socialization, income generation and household expenditures). From a business perspective, one area that has changed dramatically since the advent of SAPs is the relationship between the State and private enterprise (Thioub et al 1998 , Boone 1992 .
A minimal list of vulnerability issues (Blaikie et al 1994 , Mitlin 1999 , Moser 1996 , Nomdo and Coetzee 2002 , Satterthwaite 1999 ) discussed in the literature on sub-Saharan African cities, as well as most cities in developing countries, would include:
Environmental factors
• multiple risks (bacterial, heavy metal, and viral) as well as labor requirement linked to urban water supplies
• exposure to air born pollutants that are often orders magnitude higher than in the industrial world.
• endemic disease linked to crowded conditions including the presence of local disease vectors such as mosquitoes. Socio-economic factors to resolve a host of problems including household violence, adolescent socialization, and a variety of legal problems.
• the greater monetization of the urban economy imposes major problems on new migrants who may have serious problems making ends meet and can end up homeless in the streets.
• the major gap in income levels between segments of the urban population motivate risky behaviors on the part of the poor including theft, prostitution and for many young women the intensive search for a well off man (usually married) who will provide for them and possibly in the end marry them.
• changes in household structure and capital over time including consumer-worker ratios, human capital (health, skills, education), land, housing, and social capital (organizations, networks, extended families).
• changes in capital available to other groups such as homeless or individual migrants not embedded in a household. Governance and global policy issues
• municipal governments of poor nations have almost insuperable problems extending urban services to rapidly burgeoning urban populations and new areas of major cities are poorly provided with all urban services including educational facilities, latrines and garbage collection.
• many poor residents make their living as street vendors (wamachinga in Dar es Salaam, in Dakar) and as urban traffic congestion grows so do the difficulties of getting to the areas selected for work.
• the high premium on housing including location, quality, size, and insecurity of tenure.
• the regulatory structures in municipalities is not conducive or even detrimental to capital accumulation by the poorer segments of society.
It is important to recognize that the very poor in the cities of SSA are regularly close to crisis and are thus particularly vulnerable to increased risks from any changes in their social or natural environment (Lupala 2002 , Marsh and Oelofse 1998 , Meshack, Luala and Sheuya forthcoming, Watts and Bohle 1993 . Many segments of the urban population can sustain a moderate level of increased vulnerability due for example to an economic downturn, deterioration in urban services (Kanyama et al 2004 , Kombe et al 2003 or even the failure of hospitals to have basic supplies but even minor changes can be catastrophic for some urban inhabitants. For decades the primary explanation offered for SSA's failure to develop has been "bad governance" and this has been most typically portrayed as a failure to manage the economy or provide services due to mismanagement rather than an inability to cope with population growth due to a simple lack of resources. Figure 2 above, suggests that the rapid urbanization of developing countries may have little to do with individual national policies, to the extent they are idiosyncratic, and that it is more probable that some global processes are at work. The recent UN report (UN Habitat 2003) now argues that the rapid growth of slums as major parts of the urban fabric in developing countries can be squarely placed on structural adjustment programs. Beyond slums there are the urban homeless who have in South Africa reached such numbers that they have formed the South African Homeless People's Federation for the urban poor (Bolnick 1999) .
In the early 1980s, Tanzania and Senegal faced economic crises caused primarily by erosion in the terms of trade, rising foreign debt, shocks of rising oil prices, and severe droughts, among other factors. Their governments turned to the International Monetary Fund (IMF) and the World Bank (WB) and agreed to instituted Structural Adjustment Programs (SAP) (Messkoub 1996 , IMF 1999 in return for loans. Following neoliberal perscriptions, SAP imposed the usual mixture of reform of government finance, cuts in government spending, devaluation, trade liberalization, and privatization. While these policies addressed inflation and the balance of payment deficits by restructuring the economy and changing the incentive structure to directly favor productive sectors, many argue that ordinary citizens and the poor have been made to pay the price (Beauchemin & Odhiambo & Manda 2003 ,Bocquier 2003 , Gilbert 1994 , ILO/JASPA 1992 , Jamal & Weeks 1988 , Kanji 1996 , Maxwell 1999 , Potts 1997 , Rogerson 1997 , Simon 1997 , Stren 1992 , Tacoli 2002 , UNCHS 1996 .
Although there is abundant evidence that large segments of the population of these countries have been impoverished, there is some disagreement over whether or not this is a result of SAP. Some (Gellar 1995 , Gervais 1993 , Lewis 1987 , Ndiaye 2001 , Trager 1987 , Weissman 1990 ). Morris (2001) , for example, argues that impoverishment is a complex phenonoma driven by many internal and external factors besides SAP. While the literature on the social impact of adjustment has focused mostly on the immediate issues of health and nutritional status of vulnerable groups (Bell and Reich 1988, Cornia, Jolly, and Stewart 1987) , others note that devaluations have driven up the costs of food, housing, and other commodities faster than real wages ( Aina 1993 , Amis & Lloyd 1990 , Meeskoub 1996 and have pushed large segments of the population into the informal sector (Lewinson 1998 , Lugalla 1995 , Maliyamkono and Bagachwa 1990 , Potts 1997 , Rogerson 1997 , Tripp 1990 . The negative impact of the elimination of subsidies and the withdrawl of credit to small producers has been nearly universal, and many have abandoned the countryside apparently as a direct response to SAPs (Bryceson 1996 , Faustin & Takam 1992 , Mokima, Mayoukou, and Dinga1992, Mtatifikolo 1992 .
Under SAP, the infrastructure of most African cities has deteriorated. Urban services such as water supply, sewerage, electricity, public transport, and rubbish removal have been privatized or cost-recovery strategies instituted. The results have been fairly disasterous in Africa (Balisidya 1981 , Gilbert 1992 . "Services supplied to the rich gobble up most of the municipal budget" (Mattingly 1999:22) . Without government subsidies, users are expected to pay the real costs of services. This has priced such services beyond the reach not just of the poor, but beyond the means of many (Bubba and Lamba 1991 , Jones and Matrix 1995 , Lee-Smith and Syagga 1989 . Because of the debt crisis and foreign exchange shortages, maintaining existing infrastructure is difficult to say nothing of providing services to new areas of the city. As a result, planned sites are often so minimally serviced that they are nearly indistinguishable from unplanned ones (Stren and White, 1989) . SAP effects on housing are no less dramatic. SAP policies have driven up the cost of housing and rents faster than income, making affordable housing (regardless of tenure) increasingly problematic for large segments of urban dwellers (Amis and Lloyd 1990 , DurandLasserve 1994 , Potts 1991 , Rakodi 1992 , Macoloo 1994 . The introduction of cost-recovery systems in education and health has had an even greater impact on living standards (Bijlmakers et. al 1996 , Zaytoun 1991 . The privatization of health care, for example, in Senegal has meant that some 60 percent of the population cannot afford regular health care ( Ndiaye 2001) . Education presents a similar story. Not only are schools deteriorating, but the rising costs of schooling coupled with falling real wages are forcing children out of schools and into labor markets (Adepoju 1993 , Kanji, 1993 .
Against this backdrop it is important to remember that immigration of adults from rural areas to cities by itself provides adult skilled labor for which all the costs of socialization and education have been born by the rural area not the city and hence this implicit subsidy could be expected to differentially benefit the urban economy (Meillassoux 1972) . It may be the case that the better educated and more skilled self select for immigration but this is not necessary for an explanation of the continuing attractiveness of cities to rural dwellers; earlier migration streams will elevate net urban standards of living above the rural norm until the state adequately prioritizes transfers to the rural area. A number of scholars have objected to studying globalization processes as entirely an impact model (or a form of dependency theory) in which developing economies try to evolve along preset economic paths in response to influences from without. One strand of thought, articulation theory, argued that dependency theory was far to simple (Portes 1978 , Wolpe 1975 . A later strand built on more radical revisions to Marxist theory and argued against what they viewed as the homogenizing ideas of economic theory (Bond 2000 , Coronil 1997 , Hart 2002 , and Watts 1996 . They proposed a less economistic alternative in which we might envisage urban spaces as representing a great variety of strategies with significant potential for generating original solutions to development questions and the developing world, more generally, as capable of doubt when it comes to developed world policy advice and agency when it comes to social, cultural and economic change.
Livelihoods address how people and households prioritize demands, and allocate available labor and assets. All households go through development cycles, changing their shape, size, assets, and livelihood strategies over time (Moser 1996) . Consequently, households are diverse, as are their vulnerabilities and coping strategies (Table 2 ). Poverty and vulnerability are closely related, and the poor are usually the most vulnerable. The opposite of vulnerability is resilience (Nomdo and Coetzee 2002) . Households respond to respond to economic fluctuations, periodic crises, and shocks. Households reactions to SAPs involve transforming livelihood strategies into coping strategies (Baker 1995 , Bigsten 1992 , Boesen et al 1986 , Holm 1992 , Morris 2001 , Moser 1998 , Mustapha1991, Muthwa 1994 , Narayan 1997 , Rakodi 1994 , 1995a & 1995b . One such change is to work harder by either working longer hours, doing second jobs or activities, or putting additional members of the household into the labor market (Adepoju 1993 , Bibangambah 1992 , Bigsten and Kayizzi-Mugerwa, 1992 , Jespersen 1990 , Kanji 1993 , Kulaba 1989 , Maliyamkono and Bagachwa 1990 , Tripp 1989 . Often this strategy entails efforts to diversify household income to spread risks and lessen vulnerablity (Bryceson 1999 (Bryceson & 2002 . Three common intensification strategies are migration, informal sector participation, and urban agriculture. Migration, has both internal and international dimensions, and remittances often are key components of household strategies (Barnes 1979 , Caldwell 1969 , Fall 1998 , Faustin and Takam 1992 , Gugler 1969 , Mtatifikolo 1992 , Oucho 1996 , Rogerson 1995 . The informal economy absorbs at least half of the workforce in many large African cities (Rondinelli and Kasarda, 1993:106) , the influx of large numbers of migrants, and the rapid growth of cities has increased the competition even in this sector. As households intensify, there has been a tremendous expansion in participation by women in informal sector activities, particularly in activities that are an extension of domestic chores and traditional activities (e.g selling food, doing laundry, sewing, or brewing beer) (ILO-JASPA 1992 , ILO 1994b , Kanji, N. and N. Jazdowska. 1993 , Mwatha 1988 , Rogerson 1991 , Tevera 1993 , Tripp 1989 .
Another strategy employed by households to increase their incomes is to take in renters, which like other pooling strategies also can be a way to reduce costs. This strategy seems to be particularly significant for women (Andreasen 1987 , Lee-Smith, 1990 , Pennant 1990 ). The literature suggests that urban agriculture is another strategy of growing significance (DrakakisSmith1993, Freeman 1991 ,Gefu 1992 , Lado1990,Maxwell 1995 , Mlozi, Lupanga, and Mvena 1992 , Rakodi 1985 , Stern 1992 , Tripp 1996 . Urban agriculture seems to be part of a wider phenomena of agricultural activities by urban households often involving rural assets as well (Andrae1992, Bryceson 2001 , Kamete 1998 , Owuor 2004 . Usually, these are part of multi-spatial livelihood strategies, involving complex economic and social relationships between family members and households in the city and countryside.
While remittances from urban migrants are well documented, the literature on rural-urban linkages also suggests that reverse flows, particularly of food, may play a crucial role in the food security of urban migrants (de la Briere et al 1997, Foeken and Owuor 2001 , Kruger 1998 , Potts 1995 , O'Connor 1983 , Smit 1998 . Such strategies of intensification are not without costs. Where family members enter the work force, it is often at the expense of other vital activities such as child care or education (Friedman and Hambridge 1991 , Gilbert 1994 , Kanji 1995 . Urban households that depend upon multi-spatial livelihood strategies not only may send remittances, have high transportation expenses, but may have high opportunity costs (as this strategy may preclude them from certain kinds of employment) (Fall 1998 , Owuor 2004 ,von Troil 1992 .
To make ends meet, households also employ a number of management strategies--borrowing, pooling of resources, labor exchanges etc., which depend upon social relations and social capital (Baker 1995 Drakakis-Smith 1992 , Nelson 1987 , Potts and Mutambirwa. 1990 , O'connor 1983 , Rakodi 1994 ,1995a , 1995b , Robertson 1984 . Cutting consumption leads down the less desirable path of increasing vulernability ( Frankenberg and Goldstein 1992 , Frankenberger and Lynham 1990 , Maxwell and Frankenberger 1992 . As households are forced into this alternative, expenditures on food, water, housing, education, health care are reduced. Park, Greenberg, Nell, Marsh, Baro and Mjahed Expenditures are delayed, forgone, and not made. Things are not replaced (Care 1995 , Chambers 1989 , Lindenberg 2002 , Morris 2001 , Omari 1995 . Among these the choice of where to live is often pivotal. Lower costs often translate into poorer access to services and higher risks, e.g. questionable tenure, greater enviromental and health risks, and increased transportation costs (Oelofse and Scott 2001). Belt-tightening and borrowing have limits, and once these limits are reached, the path toward ever increasing vulnerability leads to a downward spiral of selling off assets, first replaceable, but finally irreplaceable strategic assets Coyle 1993, Mougeot 1993 ).
Potential of Methodology
Future projects might build on this successful methodology developed with NSF funding between 1998 and 2002 and use 1 meter imagery and a multitude of already acquired urban images and data to study urban vulnerability in two cities (Dakar, Senegal and Dar es Salaam, Tanzania). The focus of such a project would no longer be methodological but scientific: it could use the methodology at an enhanced level to study the complex dynamics of changes in urban vulnerability for a gradient of urban inhabitants ranging from new immigrants in very precarious situations all the way to neighborhoods with better urban tenure, urban services and health outcomes. The new and already acquired remote sensing imagery and other urban data could be used to select 100 survey points in each city. At each point, it could study urban vulnerability issues, broadly conceived, through four focus groups (young / old by male / female). The full set of data from the focus groups could be used to create a household interview instrument and a random selection of six households at each point could then be interviewed. While urban surveys in the poorest areas of the world have been done, none provide a persuasive ability to explain the causes and consequences of the great variability in urban prospects found in the rapidly urbanizing areas of the developing world. New research could hope to develop persuasive models and to develop a cost effective way of doing urban research that would not be prohibitive for developing countries.
The end goal of such a project would be to construct persuasive models capable of explaining significant amounts of the variation in urban vulnerability. Both sampling points (using focus group data) and households (using household survey data) will be assessed in terms of vulnerability. We will begin by ranking areas of vulnerability in each focus group asking individual participants to prioritize risks. We will do the same in the household surveys but in each of these we will produce two rankings one for males and one for females. We will then use a ranked pairs method based on the ranking of binary pairs (Fishburn 1977 ) that was first detailed by Condorcet (1785) to resolve binary rankings into a ranked order of perceived risks for each sampling point as well as for each key constituency at each sampling point. These rankings can then be used as the dependent variable in a variety of analytical ways to test models we develop.
Outline of a future proposal
The general direction we would like to take in developing and applying the methodology will allow us to relate social and environmental variables to economic development factors. Although many NGO (Jones 1999) and World Bank studies (Booth et al 1999) of urban vulnerability have been done, showing a wide range of variability, they have not been very successful in actually understanding the causality behind this variability. Hypotheses abound: studies have pinned blame on SAPs, on poor governance, on lack of entrepreneurial spirit among othe factors. But we are more persuaded by the notion of development traps (Bencivenga and Smith 1997) which involve complex interactions between the environment, regulatory contexts, economic growth and change, SAPs and other policies, household strategies (we cannot assume everyone selects an optimal strategy), socialization infrastructure, health systems, and urban logistics (involving transport time and costs). This is a long list, but there is good evidence that under appropriate circumstances some or all of these may interact to create a 'development trap'. Our project will be to develop a framework to help understand this complexity. This framework will allow us to Research on Urbanization in the Developing World: New Directions create models to study specific patterns of interaction between these various factors.
Following Nell (Nell 1998 and Nell et al, forthcoming) we will develop a set of 'transformational growth matrices' designed to display and analyze the changing relationships between the economic and the demographic, social, environmental and political sectors of society. In some cases -particularly when staying close to the economic factors -an input-output approach could be used, but in general, the effects are not easily captured in that format, because many of the most important effects are 'external', so specific amounts of inputs into well-defined processes cannot be identified. Instead, we will define a matrix that shows the 'cost impacts' of changes in these variables on each other at a moment of time. To put it more precisely, the impact is measured by how much of y must be transferred to or allocated to x to compensate for the action of x on y. This procedure enables externalities to be incorporated; it doesn't matter whether the impact is direct or indirect. Estimating the 'impacts' will call for serious work developing indexes and proxies -but our previously developed methodology provides exactly the kind of techniques that will be needed.
The Matrix will show how changes in economic variables impact on demographic, social, household, environmental and, in some circumstances, political variables. And, of course, it will show the reciprocal impact of these other variables on those describing economic development. Several possibilities need to be examined: the secondary interactions could undermine or offset an initial positive development. In the first case, a positive development could be undermined by the interaction with the rest of the system, meaning that the initial effect could be reversed. For example, suppose that productivity increases, setting off economic growth, which then has negative environmental, health and demographic effects, so that these ultimately reverse the initial increase in productivity. A second possibility is that the sequence of interactions might leave the initial economic process intact -so that the growth initiated by the rise in productivity continuesbut the social, environmental and demographic processes might generate sufficient costs to offset the benefits from the positive economic. (Note that these negative possibilities are consistent with self-sustaining economic growth, whether market-driven, resulting from government planning, or supported by a mixed system. The economics may look all right, but be undercut by its external impacts.)
Of course, the desired pattern of interaction will be one in which the social, demographic, environmental and household reactions interact positively with the economic factors, and so support, rather than undermine, development.
The matrix will allow us to make a number of calculations that could be important in understanding and regulating economic development. One in particular concerns the important idea of 'sustainable development': A condition for sustainable development, derivable from the matrix, is:
Economic impact on social + environmental variables = social + environmental impact on economic variables
The matrix sets out essential variables: economic relations, demographic change, socialization of adolescents, provision of social infrastructure, health and education, standard of living, the environment and political changes. It then shows how these impact on each other. Our household studies will enable us to supplement official data and data from other sources in order to do this. For example, we will be able to develop measures of the impact of pollution on household health, the impact of economic changes on the socialization of adolescents, the costs to households of the lack of social infrastructure, and so on. We would first fill in the matrix by drawing on our aggregate household data to determine whether the relationships appear to be positive or negative, and strong or weak. This will allow us to analyze the matrix for patterns of interaction, which will then indicate the key relationships that ought to be filled in numerically. These we will concentrate on.
Economic and demographic data can be obtained from official sources; official environmental data will be supplemented by our own studies. (We can also run some sample studies to check on the accuracy of official data, e.g. on incomes and household spending patterns.) Data on social infrastructure, health and education, and political institutions will all be available from official and other sources, but our surveys which will probe household histories Park, Greenberg, Nell, Marsh, Baro and Mjahed will provide the means by which we can assess the impacts of changes in these variables on households and on each other. Once we begin to fill in the matrix we will have a tool with which to analyze interactions between these variables, and this will suggest further and more precise inquiries.
We do not suppose however that all segments of the city confront the same situation and we therefore expect that the same exercise using subsets of the data may illuminate key differences between urban classes and even genders. More generally, we imagine that different segments of the population pursue different strategies and in so doing confront different regulatory regimes as well as different financial and environmental risks. We will also use statistical analyses to study our ordinal rankings treating them as dependent variables and, building on our previous research we will further develop our agent based model to simulate an urban environment in which multiple strategies are reasonable Hypotheses A) Hypotheses behind our model construction. H 1 : Development policies leave imprints on the physical and social landscape that can be assessed through analysis of urban settlement according to date of construction. H 2 : Indices of vulnerability as well as rates of capital accumulation and standards of living will reflect complex interactions between changes in investments in socialization (education), health (delivery systems), infrastructure, environmental safety (housing construction, public health measures), and regulatory climate.
B)Hypotheses designed to investigate change in vulnerabilities over time and across periods of significant policy changes. H 4 : Urban food insecurity has been primarily a matter of distribution not outright shortages since the 1990s.
Discussion: The 1970s saw massive drought and famine that drove many Africans to the city, the better times since have disguised the problem of food insecurity even though prominent economists (Sen 2000) have noted that famine has regularly been a problem of distribution not shortfall. H 5 : Recent immigrants settle in areas where they have extended family and only a few then move to other areas of the city based on their perceptions of the advantages that locale offers.
Discussion: This may be quite false if immigrants migrate because they have particular skills they feel will be better rewarded in the urban area and then try to optimize their residential location to take advantage of those skills or if they rapidly select livelihood strategies and relocate to optimize their returns or if policy changes force changes in residence patterns. H 6 : As households age and children become adults young women used to primarily envisage early marriage but since the 1980s the expected age of marriage has increased among women in the most vulnerable segments of the urban population as independent earnings and the poverty of potential marriage partners have become critical.
Discussion: Since the 1980s attitudes toward sexuality and marriage have changed dramatically in African cities (Biaya 2001 ) and traditional early arranged marriages for women may no longer be the norm so it may even be the case that the vulnerable are more traditional than the wealthier classes.
C) Hypotheses relating to the role of government policies in alleviating or contributing to urban vulnerabilities. H 7 : Government codes regulating commerce have not empowered the poor and instead have acted to delegitimize many informal sector activities and inhibit capital accumulation by vulnerable groups such as women and new immigrants. Discussion: Fiscal soundness at the national level has regularly been translated into tightening of funds for social services and this combined with rapid urbanization have left increasing numbers of immigrants to the urban area without basic services. H 9 : Insecure tenure, in squatter areas not subject to state sponsored programs providing the opportunity to establish tenure rights, inhibits capital accumulation by the poor but does not inhibit land speculation by those with capital. Discussion: Rent levels and housing construction respond to population growth but this primarily benefits those who have already accumulated capital unless municipalities are active in empowering new immigrants to acquire tenure rights. D) Hypotheses relating to variability in vulnerabilities across time and space in the urban landscape. H 10 : The proportion of household budgets spent on food will be significantly higher in the more precarious areas of habitation and among new urban residents.
Discussion: The livelihoods available to new immigrants reflect more limited networks and skills than those of long term residents but older residents may also be near the edge and new immigrants may have ties to the rural area that sustain them. H 11 : Housing quality, location and date of construction are good, but not precise, predictors of variability in urban vulnerability including exposure to risk from disasters such as fire, flood and industrial accidents.
Discussion: Average levels of risk will be similar between precarious settlements of similar date but will still differ due to differences such as distance from environmental risks and proximity to economic resources to urban services. An alternative finding might be that older areas have deteriorated and only wealthier neighborhoods show lower levels of vulnerability. H 12 : Household sizes have increased in the new precarious settlements as economies of scale are forced on the poorest sectors of the population giving rise as well to increasing numbers of homeless.
Discussion: This is not obviously the case and some of our data from previous funded research suggests that household size forms part of a particular livelihood strategy. H 13 : Health expenditures on modern health treatments are increasingly rare among newer urban residents.
Discussion: Long term residents have had access to education and in the process have been somewhat alienated from traditional medical practice while recent inhabitants of the most precarious settlements are so close to financial failure that they cannot afford modern medical treatments.
E) Hypotheses about causes of the variability of coping strategies pursued by urban residents. H 14 : The prioritization of urban vulnerabilities will differ between the old and the young between men and women, as well as for other constituencies such as the homeless but they will also differ by date of arrival in the city and by location in the city.
Discussion: Too often studies fail to cover a representative sample of urban residents and assume that one simple set of priorities should dictate policy. H 15 : When households budgets are evaluated in terms of their degree of monetarization those that rely to a significant degree on direct consumption of resources obtained from own production or through reciprocity networks rather than purchase will be less vulnerable.
Discussion: We surmise that women may be particularly impacted by increases in monetization and forced to further prioritize market activities over unremunerated household activities. H 16 : Livelihood strategies of recent urban immigrants continue to include rural activities as well as urban ones.
Discussion: Increasing vulnerability pushes urban residents to both engage in urban agriculture and to rely on the rural area especially in certain seasons when the returns to labor there actually exceed those available to them in the urban area. H 17 : The location and frequency of meals is a good proxy for many other types of vulnerability. Discussion: it is now common in African cities to have "air burgers" for lunch, i.e. swallow air for want of the means to eat anything at all. The number and frequency of traditional meals (sitting down with others) is declining for many urbanites.
F) Hypotheses relating to the capacity of remote sensing and GIS to further research into the causes of urban vulnerability. H 18 : Indices of distance to key economic resources (significant markets, superior employment possiblities) correlate with measures of vulnerability especially in new built areas.
Discussion: Distance in space will need to be complemented by distance in time and transportation costs but these may correlate fairly highly. H 19 : High resolution imagery (Quickbird) can be refined to derive quantitative measures of pollution sources such as garbage or flood prone areas across the urban landscape.
Discussion: The large levels of garbage and flood prone areas should in principle be detectable if the imagery is taken at the right time of the year but no one has yet attempted to detect garbage within African cities using Quickbird imagery and given the great variability in the size of deposits it is unclear how successful this attempt will be in accurately quantifying levels -though it will be easy to ground truth the attempt and perhaps with proper feedback significant successes will be achieved. H 20 : Diachronic imagery documenting change in urban vegetation, night time illumination, and urban habitation will significantly improve the sampling framework and allow smaller samples to pick up a greater proportion of the variability in urban vulnerability.
Discussion: This is a refinement of the hypothesis that we amply confirmed in prior NSF research except that that research was focused more generally on socio-economic variables and not specifically on urban vulnerability.
Multidisciplinary Methodology Mapping Infrastructure and Hazards
To augment the already acquired medium-resolution SPOT satellite (20-m multispectral and 10-m panchromatic resolution) and Landsat Thematic Mapper (TM) (30-m multispectral) data available for each city we will acquire 4-6 SPOT images (1990s to present) and new highresolution Quickbird (http://www.digitalglobe.com) satellite imagery (0.6-m pixels panchromatic) for use in this project. Due to the high cost of Quickbird images ($28 per km sq) full coverage of the cities and their hinterland will not be feasible, but major portions of each city will be imaged. Prior knowledge of the cities from existing and new satellite imagery and geospatial data will be used to select appropriately representative portions for focused analysis. High-resolution imagery will serve three interconnected purposes: 1) to sharpen and improve the sampling framework, 2) to build institutional remote sensing capacity to be able to utilize this new data source, and 3) as a subject for applications research in image interpretation and feature extraction.
Working with small pixels (~1-m) presents new challenges and opportunities for image analysts more familiar with the previous generations of relative coarse spatial resolution (10-30 meter resolution) data. Notably, mixed-pixel effects are reduced so classification and feature aggregation are approached differently; visual interpretability of features is enhanced; bit depth and data volumes are significantly greater; and strategies for ground-based identification and accuracy assessment of features and classes are somewhat different because individual pixels cannot be accurately located in the field. Moreover, the processes of orthorectification and resolution merging (sharpening) of Quickbird imagery are different from those applied to other types of imagery, and can produce striking results that are intuitively interpretable and usable by non-specialists. This provides a powerful tool for public outreach and demonstration. Extending the institutional capacity within CSE and UCLAS (Baltsavias et al 2002 , Sliuzas, Gorte, Mtalo 2000 , Hagai, Heinz, Mtalo 2002 , Rubbhera et al 2001 , Sliuzas et al 1999 to process and exploit high spatial resolution satellite imagery during the course of this project will have a direct impact on the long term sustainability of this work.
A primary application of the imagery will be informing and adding precision to the sampling framework. With a much higher resolution view of the urban landscape than is possible with Landsat or SPOT, the Quickbird data will provide details of buildings, neighborhoods, streetscapes and their contexts that will facilitate implementation of an area sample frame and the selection of survey households within it. In addition, detailed information about the physical setting of the households will be available for correlation with the results of the survey.
Precisely how much more information can be gleaned, and of what kinds, is another subject of research in this project. We hypothesize that informative features such as new housing, garbage accumulations, informal markets, garden plots, etc. may be visible. Their characteristics and locations can then be related to household surveys and other data. If the imagery could be acquired late in the wet season or just after it, low-lying areas of inundation may be visible and quantifiable, for analysis against disease risk, marginal housing or other factors.
Understanding Land-Use Change Over Time
Urban sprawl will directly impact the environment of a city and the nearby natural resources. We propose to map urban areas with "City Light" satellite data and examine regional changes in the vegetation and natural resources with Earth observing satellites.
Nighttime images of the Earth acquired at visible wavelengths by the Defense Meteorological Satellite Program's Operational Linescan System (DMSP/OLS) provide a picture of urbanization through the detection of city lights as they are seen from space (Elvidge et al. 1997; Imhoff et al., 1997a) . The stark contrast between lighted and unlighted lands provided by this type of image data makes it an evident choice for classifying and mapping land transformation to urban and suburban uses. The change in urban area over time could be used as a measure of the impact of urban land use on surrounding natural resources and productivity (Imhoff et al., 1997b) . The DMSP group at the National Geophysical Data Center released a pair of DMSP-OLS "nighttime lights of the world" images processed specifically for the detection of change, covering the years 1992-93 and 2000. It is expected that this record can be extended to 2010 as new DMSP/OLS are scheduled to be launched when the lifetime of the current sensors expire.
Vegetation indices (VIs) derived from satellite data allow us to monitor seasonal, interannual, and long-term variations of vegetation parameters at the landscape scale. The Moderate Resolution Imaging Spectroradiometer (MODIS) VI products with their 250-m spatial resolution can be used to provide consistent, spatial, and temporal comparisons of global vegetation conditions that can be used to monitor vegetation growth or photosynthetic activity (Justice et al., 1998) . The NDVI data (2000-present) are available free of charge and can be downloaded from the Land Processes Distributed Active Archive Center. The normalized difference vegetation index (NDVI) is produced globally over land at 250-m resolution and 16-day compositing periods and will be used to detect vegetation changes by extracting the time-series data for the cities and their surrounding regions. An example of how these data can be used can be found on a website that provides geospatial tools and satellite data to landscape managers (http:/ /rangeview.arizona.edu/).
Applications of remote sensing and GIS efforts
Using this set of imagery we will classify the urban landscape with a focus on habitation and vulnerability: from a natural perspective (e.g. precarious housing in areas prone to inundation or near pollution sources such as garbage dumps). an infrastructural one (e.g areas with or without electricity or areas with substandard water sources) and a chronological perspective (e.g slums of recent origin, substandard housing that has been in the urban area for decades and others -we will use a variety of such classes). After classification, we will randomly select 100 points representing a broad range of vulnerability and these will become the focal point for further research.
In the final stages of the project we plan to incorporate the survey data and a variety of other data into a GIS which will be used as one component of our attempts to uncover causal relationships for the great variety of vulnerabilities within each city. Following the example of the MANDISA GIS in Cape Town (Nomdo 2002) we also plan to incorporate recent census data and data on disaster occurances (e.g. fire, flood, industrial accidents, epidemics) derived from government sources and newspaper archives.
Social Science based Vulnerability Studies
In the first year of the project the social science team will develop and collect data on urban disasters (from government and news media sources) and demographic features from the recent census in each country. In Year 2 & 3, the team will implement surveys at the 100 sample points which provide a spectrum of vulnerability from high to moderate that incorporates differences in infrastructure due to economic policies prevailing at each location at the time of settlement and subsequently. We will assess the vulnerability of local populations at each point using a variety of methods.
Initially a brief community meeting will assess the key constituencies (e.g. some areas may have many homeless others may not). This will then set up focus group discussions including Park, Greenberg, Nell, Marsh, Baro and Mjahed minimally the four constituencies most likely to have significantly different experiences and concerns: dividing the population by gender and age (18-29 vs 30 or older). These discussions will be structured to include potable water and garbage issues, access to municipal and government services, tenure situation and problems, livelihood strategies with a focus on logistics and location of activities, education and socialization issues, and health with an emphasis on importance, location and type of health care services used.
Analysis of the results from the focus group discussions will then be used to develop a uniform household survey instrument so that six randomly selected households near each of the sampling points can be interviewed in greater depth about the issues raised in the focus groups as well as become the basis of more detailed historical information on residence, migration, history of capital accumulation, changes in vulnerability concerns over time, credit history, tenure and financial strategies and obstacles. Households will be drawn from a list of the closest 50 households using a stratified methodology to include all key constituencies. Part of this household survey will be to ask household women and men, separately, to reach a consensus ranking of a set of vulnerability concerns derived from the focus group discussions. We will also water samples from the potable water sources used by households at each sampling point. One product of both surveys will be a set of ranked priorities, based on the method of ranked pairs, reflecting perceptions of urban risk (see discussion above under Intellectual Merit and Innovativeness) from the separate perspectives of each focus group and of males and females in the household surveys.
